The stimulatory action of zinc on aflatoxin production by Aspergillus pdrdsiticus N R R L~~~O has been investigated by studying the levels of tricarboxylic acid (TCA) cycle intermediates and related enzymes in the fungal mycelium. During the stationary phase of growth, the levels of a-keto acids declined in zinc-sufficient cultures compared with those in zinc-deficient cultures. TCA cycle enzymes did not show any significant changes due to zinc availability. In zinc-deficient cultures, enzymes of the TCA cycle had maximum activity on the fourth day, after which their activity declined. In zinc-sufficient cultures, some enzymes showed maximum activity on the fourth day, others on the second day.
INTRODUCTION
Several reports have described the stimulatory action of zinc on aflatoxin biosynthesis in Aspergillus PdrdSitiCW and A. $dVW (Mateles & Adye, 1965 ; Lee, Townsley & Walden, 1966; Gupta & Venkitasubramanian, 1975 ; Maggon, Gopal & Venkitasubramanian, 1g73), but the mechanism of this stimulatory action is not understood at present. The effect of zinc on the metabolism of A. pdrdsiticus has not been reported. It has been shown that soybean is a poor substrate for aflatoxin production because of its low content of zinc which. is bound to phytic acid (Gupta & Venkitasubramanian, 1975) .
Acetyl-CoA is a precursor for aflatoxin biosynthesis and also enters the tricarboxylic acid (TCA) cycle by condensing with oxaloacetate to form citrate. The study of TCA cycle intermediates and enzymes during zinc deficiency may reveal the mechanism of action of zinc in aflatoxin biosynthesis. We have therefore investigated the levels of TCA cycle enzymes and intermediates of A . parasiticus grown in zinc-deficient medium.
M E T H O D S
Organism. Aspergillus pdrusiticus N R R L~~~O (toxigenic) obtained from Northern Regional Research Laboratory, Peoria, Illinois, U.S.A., was used throughout and was maintained as soil cultures (Hesseltine, Bradle & Benjamin, I 
960).
Medium dnd growth conditions. Sucrose/low salt (SLS) synthetic medium contained (per litre double-distilled water) : sucrose, 85 g; asparagine, 10 g; (NH,),SO,, 3.5 g; KH2P04, 10 g; MgSO,. 7H20, 2 g; CaC1,.2H20, 75 mg; ZnSO,. 7H20, 10 mg; MnCl,, 5 mg; ammonium molybdate, 2 mg; Na2B40,, 2 mg; and FeS0,.7H20, 2 mg. The medium was adjusted to pH 4.5 with HCl.
A spore suspension in sterile double-distilled water was prepared from 5-to 6-day-old cultures of A . parasiticus grown on medium containing 2 :h (w/v) glucose, 2 yo (w/v) agar and I % (v/v) peptone. Flasks containing 100 ml SLS medium were inoculated with 3 x 106 to 3-4 x 1oS spores, and incubated without shaking at 26 5 I "C. After various periods of growth, mycelium was harvested either for determination of dry weight and aflatoxin content, or for the estimation of TCA cycle intermediates and enzymes. All operations were done below 4 "C.
Extraction and estimation of qfiatoxins. Aflatoxins were extracted from the medium and mycelium with chloroform and separated by t.1.c. using the solvent system toluene/isoamyl alcohol/methanol (go : 32 : 3, by vol.) (Reddy, Viswanathan & Venkitasubramanian, 1970) .
Individual bands were eluted with methanol and estimated spectrophotometrically using the extinction coefficients reported by Nabney & Nesbitt (1965).
Extraction and estimation of TCA cycle intermediates. Intermediates of the TCA cycle were extracted from mycelium as described by Williamson & Corkey (1973). Mycelium was quickly separated from the' medium by decanting and immediately frozen by pressing between plates of aluminium foil precooled in liquid nitrogen. Frozen mycelium was stored at -20 "C until used. The mycelium (500 mg) was ground with acid-washed sea sand in a precooled mortar (4 "C) containing 5 ml 8 % (w/v) perchloric acid in 40% (v/v) ethanol.
The homogenate was centrifuged at 25 ooo g for I o min, and the supernatant was decanted and stored at o to 4 "C. The residue was again extracted with 2 to 5 ml 6 % perchloric acid and centrifuged, and the supernatant was combined with the first extract. The combined extracts were brought to pH 6.0 to 7.0 by slowly adding a solution of 3 M-K,CO, containing 0.5 M-triethanolamine or 0.5 M-KOH, and then centrifuged to remove precipitated KC10,. a-Keto acids, citric acid and malic acid were estimated in this supernatant. a-Keto acids, acetaldehyde, pyruvic acid, a-ketoglutaric acid and oxaloacetate, were estimated by preparing their phenylhydrazine derivatives and separating them by t. The activities reported are the means of six separate experiments.
RESULTS AND DISCUSSION
Preliminary observations indicated there was no fungal growth or aflatoxin production in the absence of zinc. To investigate the role of zinc in the metabolism of A . pdrdsiticus and the mechanism of its stimulatory action on aflatoxin production, two concentrations of zinc were used: 10 mg 1-1 which was optimum for aflatoxin production, and 0.25 mg 1-1 which was the minimum required for fungal growth. The growth of A . pdrdSitiCUS and aflatoxin production were both inhibited by zinc deficiency, but aflatoxin synthesis more so than growth ( Table I ) . This agrees with the reports of previous workers (Lee et al., 
1966; Maggon et d., 1973).
The effect of zinc on pyruvic acid and TCA cycle intermediates is shown in Table 2 . In zinc-deficient medium, the levels of a-keto acids reached a maximum on the fourth day of growth. In zinc-sufficient medium, the levels of acetaldehyde, pyruvate and a-ketoglutarate were maximal on day 2, during the late-exponential phase of growth (Detroy & Hesseltine, 1g70), and oxaloacetate was maximal on day 4. Thus, the zinc-sufficient cultures had higher levels of these intermediates during growth and lower levels in the stationary phase than did the zinc-deficient cultures. The only exceptions were oxaloacetate and citrate which showed lower levels in zinc-sufficient medium. In the stationary phase, A. pdrdsiticus had lower levels of a-keto acids in zinc-sufficient medium. The build up of TCA cycle intermediates in zinc-sufficient cultures at the end of the exponential growth phase may play a role in triggering the onset of aflatoxin synthesis. Bu'Lock (I 9-75), Weinberg (I 971) and Demain (I 972) have postulated that the accumulation of primary precursors at the end of exponential growth is necessary for the initiation of secondary metabolism. The results in Table 2 seem to provide evidence for this. The decrease in TCA cycle intermediates in zinc-sufficient cultures during the stationary phase (days 4 to 8) indicates the diversion and possible utilization of these intermediates into secondary biosynthesis, particularly that of aflatoxin. During the stationary phase in zincdeficient cultures, TCA cycle intermediates accumulated and there was reduced aflatoxin forma tion. In zinc-deficient cultures these precursors are not used to form secondary metabolites at the same rate as in zinc-sufficient cultures. There have been many reports of the accumulation of citric and malic acids during zinc deficiency (Foster, 1949 The activities of the enzymes of the TCA cycle of A . parasiticus in zinc-deficient media reached a maximum on the fourth day of growth but declined as the cultures aged (Table 3) . In zinc-sufficient medium the activities of pyruvate dehydrogenase, isocitrate dehydrogenase and a-ketoglutarate dehydrogenase reached a maximum on the fourth day of growth; those of succinate dehydrogenase, malate dehydrogenase and malate dehydrogenase (decarboxylating) remained low throughout. The activities of other enzymes were high in zincsufficient cultures during the exponential growth phase, but variable during the stationary phase. Bu'Lock et ul. (1965) observed a marked decrease in the activity of the TCA cycle at the end of the exponential growth phase in Penicillium urticae. A decline in TCA cycle enzyme activity can lead to accumulation of acetyl-CoA, glycolytic intermediates and citrate (Bu'Lock, 1965 Demain, 1968) . Similar results have been obtained in this study ( Table 2 ). The activation of acetyl-CoA carboxylase by citrate and a-glycerophosphate would result in the formation of more malonyl-CoA (Resmussen & Klein, 1960) . Increased formation of malonyl-CoA would lead to enhanced aflatoxin formation as observed in zincsufficient cultures.
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